The natural history of I4 patients with ventricular septal defect and right-sided aortic arch is reviewed. Patients are divided into two groups. Group A consisted of IO patients, all of whom developed progressive infundibular stenosis; group B consisted of 4 patients, none of whom developed infundibular stenosis. The clinicalfeatures, x-rays, electrocardiograms, haemodynamic data, and angiocardiograms in these two groups are compared.
Among many recent contributions to the natural history of ventricular septal defect in infants and children (Arcilla et al., I963; Bloomfield, I964; Hoffman and Rudolph, I965; Kidd et al., I965; Ritter et al., I965) , no specific attention has been paid to ventricular septal defect with right-sided aortic arch as a separate entity. It has been a clinical impression that the course of this group of patients is different from patients with ordinary ventricular septal defect, and an examination of the natural history of patients with ventricular septal defect and right aortic arch was, therefore, undertaken. The serial clinical examination, electrocardiogram, x-ray, and cardiac catheterization of I4 subjects form the basis of the report.
Subjects and methods
Patients were selected from the registry of the Cardiac Clinic at the Children's Medical and Surgical Center of the Johns Hopkins Hospital on the basis of (i) radiological evidence of rightsided aortic arch and (2) which had shown left-to-right shunt at the ventricular level and significant infundibular stenosis, were included in the study only if they satisfied one of the following criteria: (i) history of congestive heart failure in infancy, (2) cardiomegaly on the chest x-ray as shown by a cardiothoracic ratio of at least 0o59, with the right dome of the diaphragm at the ninth rib and increased pulmonary vascularity.
Fourteen patients satisfied the above criteria and were divided into two groups. Group A (io cases): all except one (Case I0) presented in infancy in congestive heart failure. Case I0 at the age of 6+ years had cardiomegaly and increased vascularity on the chest x-ray. All I0 patients in group A developed progressive infundibular stenosis during subsequent follow-up.
Group B (4 cases): 3 patients had congestive heart failure in infancy. The other had a small ventricular septal defect. None of these 4 patients developed infundibular stenosis during subsequent observation.
The clinical data for group A are given in Table i and for group B in Table 2 , while haemodynamic data are presented for group A in Table 3 and for group B in Table 4 .
Results
Clinical presentation Congestive heart failure was the presenting feature in 9 cases in group A, and all ultimately responded to medical treatment, though in 2 the failure Chest x-ray The common denominator of the two groups in the chest x-ray is the rightsided aortic arch. The position of the descending aorta was variable in both groups. In 4 patients in group A the aorta descended on the right side of the vertebral column while in the rest of the patients the aorta crossed over to the left side in the thoracic cavity and descended on the left side of the vertebral column. In group B only one patient had a right descending aorta, and in all the others the aorta crossed over to the left and descended on the left side.
Chest x-rays in group A invariably showed a high cardiothoracic ratio and much increased vascularity at the initial visit. Subsequently the heart became smaller, but the most significant change lay in a conspicuous reduction of pulmonary vascularity. In group B all the cases except Case i3 showed cardiomegaly and increased vascularity. Case 13 had a normal chest x-ray.
Haemodynamic data In group A, Cases i and 2 underwent cardiac catheterization during infancy, and both were found to have significant right ventricular hypertension with no pressure difference across the outflow tract of the right ventricle. They had moderately severe left-to-right shunts at ventricular level.
Both were recatheterized, at the age of 31 years and 4 years, respectively. By that time the right ventricular hypertension had reached systemic level, significant infundibular stenosis had developed, and the left-to-right shunt had become smaller (Table 3 ). In Cases 3 and 4 ofgroup A, the catheterization performed in infancy showed moderate size ventricular septal defects, a pulmonary to systemic flow ratio of 2z2: i, and systolic pulmonary artery pressures 65 to 75 per cent of systemic pressure, with no pressure difference across the outflow tract. These 2 patients in three years had developed physical signs of infundibular stenosis, and Case 4 even had a few cyanotic episodes at the age of 2 years.
All other cases in group A except Case IO presented in infancy with congestive heart failure. These patients were catheterized at the age of 41 years or above, and the haemodynamic data were almost identical. They all had normal pulmonary artery pressure, significant infundibular stenosis, and systemic systolic pressure level in the right ventricle. The ratio of pulmonary to systemic flow was less than 2:i. In Case 7 cardiac catheterization was repeated at the age of 9, four and a half years after the initial cardiac catheterization. The data were exactly the same.
In group B Case ii had cardiac catheterization repeated after a six-month interval. At the second study there was I7 mm. Hg pressure difference across the pulmonary valve, though at the cine-angiocardiogram the pulmonary valve and infundibulum appeared normal. This pressure difference was attributed to the flow. Case I2 presented in congestive heart failure in infancy and was catheterized at the age of 9 years. The study showed a ventricular septal defect with pulmonary to systemic blood flow ratio of 3:i, a systolic pulmonary artery pressure 6o per cent of systemic, and a minimal pressure difference across the infundibulum. Case 13 had a small ventricular septal defect and normal pressures in the right side. Case I4 at i month of age showed a moderate-sized ventricular septal defect, with the pressure in the right ventricle and pulmonary artery half the systemic level.
Angiocardiography Right ventricle angiocardiograms in 3 infants from group A showed a prominent crista supraventricularis, hyperdynamic infundibulum, and a normal pulmonary valve ring. In only one patient was the pulmonary valve ring small. These features were present even in the absence of any pressure difference across the outflow tract. In older children from group A the angiocardiograms showed conspicuous infundibular narrowing with an infundibular chamber. The prominent crista supraventricularis was encroaching into the right ventricular outflow tract. In (group B) . In the latter group, one required pulmonary artery banding at the age of 9 months, another had closure of his ventricular septal defect at the age of 8j years, and the other 2 had small to moderate size ventricular septal defects.
The presenting features in the two groups are indistinguishable. In group A, all except one presented in congestive heart failure, and in group B, 3 out of 4 had congestive heart failure. All patients in group A responded to medical management. The physical signs at the initial visit were those of a large ventricular septal defect and pulmonary hypertension, but as the patients developed infundibular stenosis, the murmur changed its character to that of a high-pitched ejection murmur, and the pulmonary component of the second heart sound diminished. Often the middiastolic flow murmur disappeared (Table I) . Definite auscultatory features of obstruction occurred only when the patient had established infundibular stenosis. During the transitional phase the auscultatory findings can be confusing, and it is often impossible at times to differentiate the two types of systolic murmurs (Wood, Magidson, and Wilson, I954; Nadas, I963) .
Initially, chest x-rays of patients in group A showed cardiomegaly and increased vascularity. As they developed progressive infundibular stenosis, the heart became smaller and the vascularity diminished.
The electrocardiogram in the original Gasul series showed biventricular hypertrophy (Gasul et al., 1957) . In the present series, the electrocardiogram in group A was not influenced by the development of infundibular stenosis. Except for 2 patients, the electrocardiogram showed biventricular hypertrophy initially, and continued to show biventricular hypertrophy in spite of the development of significant infundibular obstruction. It appears that the electrocardiogram lags behind the haemodynamic alteration in this clinical situation.
In group A, cardiac catheterization in infancy showed significant right ventricular hypertension, with either no difference or very minimal pressure difference across the outflow tract. As patients developed infundibular stenosis, the pulmonary artery pressure became normal and the right ventricular pressure in most of the cases reached systemic level. Cine-angiocardiography, in the early stage, showed a prominent crista, and even though there was no haemodynamically significant obstruction, the outflow tract appeared narrow and hyperdynamic (Fig.) . The annulus of the pulmonary valve, though smaller than that seen in an uncomplicated ventricular septal defect, appeared relatively normal on the angiocardiogram and also at operation when compared with classical tetralogy of Fallot. Once these patients developed obstruction, an infundibular chamber with or without a muscle band was seen.
The course of the patients in group A seems to be uniform. Both in the Gasul series and in the present series the patients presented in infancy in congestive heart failure. I96I) reported that their patients developed significant obstruction before the age of 4, and those of our patients in whom we could document group.bmj.com on June 22, 2017 -Published by http://heart.bmj.com/ Downloaded from the development of obstruction all seemed to have developed it before the age of 4. Bloomfield (I964) reported one patient in his study of the natural history of ventricular septal defect, who developed significant right ventricular infundibular obstruction in the fifth decade. We have also seen one patient with left aortic arch and ventricular septal defect who developed significant infundibular obstruction between the ages of 9 and I2 (J. R. Allen, P. J. Varghese, and R. D. Rowe, unpublished data).
Right aortic arch in uncomplicated ventricular septal defect is a rare occurrence (Nadas, I963). Keith (I956) reported i example in 400 patients with ventricular septal defect. On the other hand, Becu et al. (I956) gave a figure of 6 per cent for 50 patients with ventricular septal defect proved at necropsy, and Edwards et al. (I965) gave a 5 per cent frequency figure for right aortic arch in uncomplicated ventricular septal defect. Discrepancy in the reported frequency of right aortic arch in ventricular septal defect may be the result of the different age-group ofpatients studied by each author: the frequency of right aortic arch will be high if one is looking only at ventricular septal defect in infancy. During infancy a significant number of ventricular septal defects would have closed spontaneously (Bloomfield, I964; Hoffman and Rudolph, I965) , and most of the transformations of ventricular septal defect into ventricular septal defect and pulmonary stenosis would have occurred before the age of 4 (Gasul et al., 1957; Lynfield et al., I96I) . As shown by the present series, a high percentage of the latter group will have right-sided aortic arch. Because of all these factors we chose to study 1OO consecutive patients whose age was 5 years or above at the time of cardiac catheterization, and who were shown at catheterization to have an isolated ventricular septal defect. Out of these ioo patients, only 2 had right-sided aortic arch.
Right (Fig.) . These patients also had a large left-to right shunt at the initial cardiac catheterization. It is possible that progressive obstruction in the infundibular area may be the end result of a large flow through an abnormal outflow tract.
An alternative explanation for progressive infundibular stenosis is the abnormal contraction of muscle bundles of the outflow tract, as has been postulated for obstructive cardiomyopathy (Harrison et al., I963 (Eriksson, Thoren, and Zetterqvist, I969) . This raises the question whether these patients might have had a ventricular septal defect as the sole lesion which later developed progressive infundibular stenosis.
In addition to the diffuse muscular hypertrophy and obstruction of the right ventricular outflow tract, discrete anomalous muscle bundles can also cause severe obstruction of the outflow tract of the right ventricle (Lucas et al., I962) . Recently, Hartmann, Goldring, and Carlsson (I964) reported 3 patients with anomalous muscle bundle and ventricular septal defect in whom cardiac catheterization in infancy showed large left-to-right shunt with no obstruction but the angiocardiogram showed the anomalous muscle bundle. Repeat cardiac catheterization at a later age showed significant obstruction in the outflow tract. On this evidence, Hartmann et al. (I964) postulated that hypertrophy of the anomalous muscle bundle and obstruction might have occurred as a result of the large flow. In the present series in group A, two patients had discrete anomalous muscle bundle and both of them developed progressive infundibular stenosis.
Does the persistence of a right arch of the aorta rather than the left predispose the foetus to the development of ventricular septal defect, and if so, do the defects that result differ in terms of size, shape, and location from those seen in other syndromes ? Rychter (I962) has noted in the chick embryo (which normally has a right-sided aortic arch) that when the right fourth arch is ligated, the right third arch becomes the preferred vessel. If both right third and fourth arches are disturbed, either the left third or fourth arch becomes the dominant vessel, and persists along with a 38 per cent chance of a coexisting ventricular septal defect. Though the size, shape, and position of the ventricular septal defect which appears as a secondary anomaly in these cases has not been described, in other experiments involving suppression of various arches, the ventricular septal defects which result may be triangular, infundibular, semilunar, or tear-drop shaped, and located in either an anterior or posterior position in the septum between the ventricles, depending upon the haemodynamics of the disturbed circulation. Since the intracardiac anomalies in Rychter's experiments were the result of altering the circulation in the aortic arches, it it tempting to conclude that in the human also, a ventricular septal defect and perhaps altered architecture of the infundibulum may in some cases follow the development of a right-sided arch. However, the opposite may also be true, that right aortic arch will result in cases of ventricular septal defect, and/or altered cushions or developing muscle bundles if the blood flow from the left side of the heart is directed into the right instead of the left arch. In either case, the association of right aortic arch with ventricular septal defect and an abnormal arrangement of the muscles in the right ventricular outflow tract need not be associated with hypertrophy of the infundibulum until the outflow tract is stimulated to hypertrophy later in development. Such a group.bmj.com on June 22, 2017 -Published by http://heart.bmj.com/ Downloaded from stimulus may be haemodynamic, electrophysiological, or humoral.
Apart from the interest in the mechanism of transformation of ventricular septal defect into that of ventricular septal defect with progressive infundibular stenosis, this group of patients raises some important practical points regarding management and prognosis of ventricular septal defect in infancy. Infants with a ventricular septal defect and rightsided aortic arch seem to follow a different course from an ordinary ventricular septal defect. The present series indicates that even though these infants present in congestive heart failure they should be managed conservatively because IO out of the I4 patients in this series developed progressive infundibular stenosis in two or three years and only one patient needed pulmonary artery banding. Moreover, if these patients develop cyanotic spells as a result of severe infundibular stenosis, it appears they would be ideal candidates for treatment with beta-blocking agents.
Infants with ventricular septal defect and right-sided aortic arch who develop progressive infundibular stenosis can be differentiated from the patients with ordinary ventricular septal defect by right ventricular angiocardiograms. In the former group the right ventricular angiocardiogram invariably showed a prominent crista supraventricularis, a narrow hyperdynamic outflow tract of the right ventricle, and a normal annulus even in the absence of any obstruction, whereas the latter group showed a normal outflow tract, dilated annulus, and a prominent main pulmonary artery. This angiocardiographic sign seems to differentiate the course of these two groups and appears to be a helpful sign in predicting the prognosis of an infant with ventricular septal defect and right-sided aortic arch who presents in congestive heart failure.
